) Age-at-onset AAO in a number of extended families ascertained for bipolar disorder was analysed using survival analysis techniques, fitting proportional hazards models to estimate the fixed effects of sex, year of birth, and generation, 
INTRODUCTION
Anticipation describes a pattern of inheritance that includes earlier age-at-onset and increased severity of symptoms in younger generations and is a feature of at least nine neurodegenerative diseases, including Huntington's disease, fragile X, and myotonic dystrophy. The underlying dynamic mutations are unstable tri-nucleotide repeat sequences whose increasing size in succeeding generations or through sex-specific meiosis causes greater disruption to gene function, leading to increased severity of clinical Ž symptoms and a reduction in age-at-onset Paulson . and Fischbeck, 1996 . Several studies have reported anticipation in bipolar families selected to take part in linkage studies after controlling for several possi-Ž ble sources of bias McInnis et al., 1993; Nylander et al., 1994; Grigoroiu-Serbanescu et al., 1997;  . Mendlewicz et al., 1997; Ohara et al., 1998 . How-Ž . ever, Merette et al. 2000 found no evidence for anticipation in a group of Canadian bipolar families after controlling for an information bias that results from the availability of higher quality of information from younger generations compared with older subjects. Reports of anticipation have led to several studies of CAG repeat expansion in bipolar disorder Ž . using the repeat expansion detection RED Ž . technique Schalling et al., 1993 or by examining candidate genes known to contain triplet repeat Ž sequences Sasaki et al., 1996; Jain et al., 1996; Hawi . et al., 1999 . The RED method uses a thermostable ligase in a cycling procedure to detect tri-nucleotide repeat expansions from genomic DNA, but the method provides no information on the chromosomal location of expanded repeats. Using this method, association between expanded triplet repeat length and bipolar disorder was reported in several studies ŽLindblad et al., 1995; O'Donovan et al., 1996;  . Ž . Mendlewicz et al., 1997 . Lindblad et al. 1998 found that most of the expanded RED products detected in bipolar patients and control subjects were the result of expansions in one of two loci, the ERDA1 locus on chromosome 17 or the CTG18.1 locus on chromosome 18. Expansion at the CTG18 locus significantly increased the risk of bipolar disorder. However, other studies have failed to find an in-Ž crease in repeat expansions Schurhoff et al., 1997;  . Li et al., 1998; Zander et al., 1998 , and Craddock et Ž . al. 1997 found no correlation between length of CAG repeats measured by RED and severity of illness or age-at-onset of bipolar disorder.
Ž . Age-at-onset AAO of a disease is a complex trait Ž . for genetic analysis because: i it is influenced by Ž . both the environment and by multiple genes; and ii it is measured on affected individuals only. There have been several quantitative genetic analyses proposed. The most common approach in linkage and association studies is to ignore age data, and to concentrate on affected versus unaffected individuals. A second method is to adjust the affectedrun-Ž affected scores for age Zhu et al., 1997; Hanson et . Ž . al., 1998 . A third method Daw et al., 1999 is to sample the AAO conditional on the actual age and inferred major genotype in segregation analysis. All these methods have drawbacks, because they do not use the information efficiently by ignoring the nature of the censored records. For example, the ration-Ž . ale for the method by Hanson et al. 1998 appears to be to adjust the binary trait affectedrunaffected w Ž .x for age whether AAO or age when last seen ALS , and thereby creating a quantitative trait. The authors use the population incidence to adjust for AAO or ALS, but for a large data set their method Ž . is equivalent to including age AAO or ALS in the model of analysis as a covariate. Depending on the Ž . true unknown genetic architecture underlying af-Ž . fected status will a person get the disease and the Ž AAO when will an affected person show the dis-. ease , adjusting for age may or may not be appropri-Ž . ate. Daw et al. 1999 assume that AAO is normally Ž distributed which is most likely not true for most . late onset disorders or for bipolar disorder . Survival analysis methods, which properly take into account that ALS data are censored observations, have been used to model AAO for segregation analysis to Ž detect a major gene Abel and Bonney, 1990; Es-. sioux et al., 1995 or to estimate residual effects to Ž be used in subsequent linkage analysis Zhu et al., . 1997 . These studies did not consider the general case of correlated AAO between family members due to polygenic effects, nor take phenotypic rela-Ž tionships between certain pairs of relatives e.g. sister᎐sister and mother᎐ daughter relationships in the Ž .. breast cancer study of Essioux et al. 1995 into account by fitting additional regressions in the model of analysis. Bivariate survival models based on correlated frailties have been applied to twin data to Ž estimate a genetic component of longevity Yashin . and Iachine, 1995; Petersen, 1998 . To our knowledge, quantitative genetic analyses of AAO to estimated variance components in complex pedigrees have not been reported previously.
In addition to the problem of the nature and distribution of the AAO trait, which makes a genetic analysis difficult, data from families may be subject Ž to several types of bias for example, Penrose, 1948;  . Hodge and Wickramaratne, 1995 . These include reduced fertility in individuals who develop illness early, an information bias that results from the availability of higher quality of information from younger generations compared with older subjects Ž . Merette et al., 2000 , and a censoring bias when the younger generations are assessed over a shorter Ž period of risk than older generations Vieland and . Huang, 1998 . An ascertainment bias in favour of younger AAO offspring of affected parents is likely to be a feature of families collected for the purpose Ž . of linkage analysis Huang and Vieland, 1997 . These types of bias are likely to influence the inference on anticipation strongest when sampling affected parents and affected offspring only, but should have a smaller effect when dealing with extended pedigrees Ž that are followed over time Vieland and Huang, . 1998 .
The aim of the present study was to apply novel statistical methods based on survival analysis to genetically analyse AAO data for bipolar disorder in a number of extended families. The purpose of such analyses is to quantify the amount of genetic variation that exists in populations for AAO, and to estimate environmental risk factors simultaneously. In addition, we test for a possible anticipation effect, i.e. for evidence that the AAO is decreasing each generation. The application of survival analyses to test for anticipation in complex pedigrees was Ž . recently suggested by Vieland and Huang 1998 . In single large, multiply affected pedigrees, genetic and non-genetic heterogeneity is likely to be reduced. Therefore, we have also looked for evidence of anticipation in a single large Scottish bipolar family showing linkage between a bipolar and unipolar phenotype and a series of polymorphic markers mapped to a region on the short arm of chromo-Ž . some 4 Blackwood et al., 1996 . We have also used the RED method to compare the trinucleotide repeat expansion length in affected and unaffected members of this family.
MATERIALS AND METHODS

Family data
Twenty-seven extended families were recruited for linkage studies. A summary of the data is presented in Table 1 . Probands with bipolar 1 disorder were in-patients or out-patients at hospitals in the south of Scotland. All family members gave their consent to participate in genetic studies, provided a blood sample for DNA analysis, and were interviewed by a trained psychiatrist using the Schedule for Affective disorders and Schizophrenia ᎏ Lifetime version Ž . Endicott and Spitzer, 1978 . Diagnoses were made according to Diagnostic and Statistical Manual of Ž . Mental Disorders DSM-IV and RDC criteria after a review of hospital case records. Families were selected in which two first-degree relatives were diagnosed with bipolar disorder, or bipolar disorder and recurrent major depression. Pedigrees with apparent bilineal descent were not included. Data on Ž . Ž AAO affected individuals , ALS unaffected indi-. viduals , year of birth, sex, and family were used from 498 individuals from 27 unipolar-and bipolaraffected extended families. Pedigree information was known and a total of 582 individuals were included in the pedigree file. From the pedigree information, the number of generations since the oldest founder was calculated to test for an anticipation effect in the analysis. One hundred and seventy-one individu- als were recorded as affected, with AAO varying from 12 to 70 years. The majority of records Ž . 327r498 , i.e. the individuals coded as unaffected, were treated as censored in the statistical analysis. The average AAO and ALS were 25.9 and 48.2 years, respectively. Diagnoses in these families were Ž . Ž . bipolar I and bipolar II 103 and recurrent major Ž . depressive disorder 68 . The relatives with a diagnosis of schizophrenia belonged to four extended families where the proband and the majority of affecteds had bipolar or unipolar illness and there was no evidence from interview with relatives of bilineal inheritance. For the statistical analyses, the AAO of any of the aforementioned disorders was used. A five-generation family was ascertained as described Ž . Ž by Blackwood et al. 1996 . In this family Family . 22 , all nine family members with bipolar disorder and 16 of the 18 relatives with recurrent unipolar disorder share the same haplotype across a 10 cM region of chromosome 4p. For two affected individu-Ž als one individual born in 1907 and one recently . diagnosed , no haplotype information was available. This region may harbour a gene of major effect for bipolar disorder since the region explains 30% of Ž . the variance in this one family Visscher et al., 1999 and several other studies have found evidence for Ž linkage to this region Polymeropoulos and Schaffer, 1996; Asherson et al., 1998; Ewald et al., 1998;  . Ginns et al., 1998; Detera-Wadleigh et al., 1999 . 
Statistical methods
We applied survival analysis methodology to model Ž AAO, using correlated frailty models for example, Ducrocq and Casella, 1996; Petersen, 1998; Hou-. gaard, 1999 to estimate covariates and a polygenic variance component. All available pedigree information was used in the estimation of the variance component. Survival analysis models the trait of Ž . interest here, AAO properly as a function of time, and takes into account that some records are uncen-Ž . sored affected individuals and some are censored Ž . unaffected individuals . The effects of factors such as sex, environmental time trend and genotype are estimated in terms of the risk of becoming affected. 
Ž
. We assumed that the risk or hazard of developing a disease follows a proportional hazard model, with the proposed mixed linear model as the exponential part of such a model. For an individual k, the hazard function is: 'failure' at time t, given that a person was unaffected before t. In our application, the hazard function measures the risk of becoming affected at age t, Ä given that an individual was not affected at age t ᎐ 4 Ž . 1 . h t is the baseline hazard function at time t, 0 which is an 'average' hazard function pertaining to all individuals in the population, and is similar to the average probability of becoming affected at age t, Ä 4 conditional on not being affected at age t ᎐ 1 . b is the vector of fixed effects and covariates.
The aforementioned model is called a mixed survival model or frailty model because the polygenic effects are random variables. The model assumes that there is an average baseline hazard function, Ž . h t , which represents the ageing process in the 0 Ž population or, in our case, the average risk of . becoming affected as a function of time , and that covariates and polygenic values act multiplicative to increase or decrease an individual's hazard through-Ž . out his life. The terms exp u are frailty terms. The k baseline hazard function is usually described by as-Ž suming that the survival function which describes the probability of being unaffected at a particular . point in time has an exponential or Weibull distribution. We will use the latter, since the exponential distribution is a special form of the Weibull distribution, so that we could, if necessary, perform a statistical test for a Weibull versus exponential fit. 
Models
Sex, family and generation were treated as fixed factors in the model, and year of birth was treated as a linear covariate. The rationale for including year of birth in the model was to account for a possible Ž environmental trend e.g. due to better diagnosis . and reporting in the data. Family effects were fitted to account for non-genetic differences in AAO between families. Initial analyses of treating families as fixed gave convergence problems because of a Ž . strong confounding between individual genetic effects and year-of-birth effects and the parameter from the Weibull model. Therefore, the shape Ž . parameter was first estimated from a model excluding any individual genetic effect, i.e. a completely fixed model, and held constant for subsequent analyses.
Family 22 was analysed individually, fitting a model with sex, generation, haplotype, and year of birth. Haplotype was coded as the presence or absence of the 'affected haplotype' from the Blackwood et al. Ž . 1996 study. In addition to these models, two fixed models fitting either year of birth or generation were analysed because these effects are expected to be highly correlated.
RESULTS
Ž .
The estimate of the Weibull shape parameter from the fixed model was 2.48. Hence, for two indi-Ž viduals with the same covariates sex, year of birth, Table  . 2 . An approximation of the heritability for failure time data using the Weibull model was recently Ž . Ž The effects of families were significant P-. 0.0001 both in the fixed model and in the full model, indicating differences in the risk of developing bipolar disorder across families. The estimates of individual family effects are not shown because most Ž . families have only few -5 affected individuals, so the standard errors of family effects are large. Significant differences in the risk of developing affective disorder between families may be due to genetic effects, environmental effects, or a combination thereof.
The effects of sex, generation, and year of birth Ž . Ž . Ž . were ᎐0.77 " 0.20 , 0.86 " 0.20 , and 0.04 " 0.01 , Ž . respectively see Table 2 . From these results we Ž . conclude that males have an exp ᎐0.77 s 47% smaller risk than females in developing affective Ž . bipolar and unipolar disorder. This effect was due to a large excess of both unipolar and bipolar de-Ž pression in women n s 48 for unipolar and n s 66 . Ž for bipolar compared with men n s 20 for unipolar . and n s 37 for bipolar . A separate analysis in which either unipolars or bipolars were analysed revealed a significant increased risk for females of threefold in Ž . unipolars and twofold in bipolars results not shown . Each generation from the oldest founder increases Ž . the risk by exp 0.86 s 2.4-fold, which possibly points to an anticipation effect. The risk of becoming af-Ž . fected increases by exp 0.04 s 4% each year. The full fixed model for an analysis of Family 22 only resulted in a large estimated effect of the affected haplotype, 3.84" 0.75. Out of the 27 affected individuals with scored haplotypes, 25 carried the haplotypes determined by the Blackwood et al. Ž . 1996 study. This effect of haplotype on the hazard means that the risk of developing bipolar or unipolar Ž . disorder increased exp 3.84 s 46-fold for those individuals carrying the identified haplotype from the Ž . analysis of Blackwood et al. 1996 . The effect of sex Ž . was not significant for this small data set. When both year of birth and generation were fitted, neither of these highly correlated covariates were sig-Ž . nificant in the presence of the other Table 2 . However, fitting a fixed model with generation only Ž . in addition to sex and haplotype resulted in a Ž . highly significant effect P-0.001 of 1.21 for gen-Ž . eration, i.e. an increased risk ratio of exp 1.21 s 3.4 per generation. Similarly, when fitting year of birth but not generation, the significant effect of year of birth was 0.058 per year, i.e. an increased risk of Ž . exp 0.058 , or 6% per year. These results suggest an average generation interval of 1.21r0.058s 21 years.
RED analysis in extended pedigree Family 22
The RED method was carried out on seven relatives with bipolar disorder, each of whom carried the disease-related haplotype of chromosome 4 polymorphic markers, and eight relatives who had no psychiatric diagnosis and did not carry this haplo-type. Reactions were performed and analysed as Ž . Ž . described by Lindblad et al. 1995 using a CTG 10 oligonucleotide giving a representation of bands on a polyacrylamide gel at an interval of 30 nucleotides. Reactions used 15 U Ampligase per reaction. Ex-Ž . panded RED products 120 base pairs or over were observed in 5r7 bipolar and 4r8 control subjects, indicating no association of bipolar illness with expanded repeats in this family.
DISCUSSION
We have shown that survival analysis methods with random effect accounting for all genetic relationships can be used to analyse AAO data in complex pedigrees. It should be possible to extend these methods to QTL mapping for AAO, fitting both a polygenic and a QTL random component in the model of analysis, i.e. to perform a variance component analysis that properly takes account of the non-normal distribution of the data and of censoring.
One assumption of our model is that all individuals are in principle at risk of developing either unipolar or bipolar disorder. The same assumption Ž . was made by Daw et al. 1999 in their analysis of AAO of Alzheimer's disease. This assumption may be reasonable in our study, because families were selected for their high incidence of the disorder. Nevertheless, in samples of the population there may be individuals that would never become seriously depressed, regardless of the environmental conditions. In that case, it would be better to attempt to model a proportion of individuals at zero risk in the data. Estimates of covariates and variance components would then only be relevant for the at-risk group. However, such an analysis would be Ž . difficult or impossible, because there is little if any information to distinguish between unaffected individuals who are at risk but have not developed the Ž . disorder yet and those that have a zero risk. Furthermore, even if a zero-risk proportion could be estimated, it may not affect our conclusions because the estimated risk of unaffected individuals with Ž . Ž high censored time ALS would be very small i.e. . close to zero anyway.
Both year of birth and generation number were highly significant in the analysis of all families. This Ž could point to an environmental year of birth or . Ž cohort effect or biological time trend generation or . anticipation effect in the reduction of AAO of bipolar disorder, or to a selection bias due to the ascertainment of families for linkage studies Ž . Penrose, 1948 . In addition to the possibility of a Ž selection bias, the fitted effects of cohort year of . birth and generation are highly confounded because older individuals are, on average, in the same generation group. In time, through the accumulation of additional data, this confounding should decrease.
Two of the most consistent findings in the epidemiology of depression are that the prevalence of depression is about twice as high among women as men and prevalence rates are higher among younger Ž than older people Kessler et al., 1993; Weissman et . Ž . al., 1993 . A year of birth effect cohort effect for bipolar and unipolar disorders has been well de-Ž scribed in several countries Klerman et al., 1985; Gershon et al., 1987; Wickramaratne et al., 1989;  . Joyce et al., 1990 . These studies have detected a consistent trend for the AAO of affective disorders to become steadily younger over the past 50 years. This could be due to cultural factors such as more tolerant public attitudes to mental illness coupled with increased availability of effective treatments leading to earlier diagnosis. An epidemiological study that compared the prevalence of depression in 1952, 1970 and 1992 in a population within a single catch-Ž . ment area in Canada by Murphy et al. 2000 measured a stable overall prevalence of depression at the three time points, but within the overall constant rate there was a significant redistribution of cases by sex and age, with a recent increase in prevalence of depression in younger women. In the families included in the present study, the increased rate of affective disorder in women was found for both unipolar major depression and bipolar depression, and the men : women ratio of approximately 3 : 1 Ž . Ž . unipolar disorder and 2 : 1 bipolar disorder is in keeping with all the aforementioned studies.
The effects of sex and generation were not significant when year of birth was fitted in the model for the analysis of Family 22. However, the effects of year of birth and generation are highly confounded, and fitting either of these effects showed a highly significant effect. It is not clear whether the reduction in AAO illustrated in Figures 1 and 2 is due to censoring bias, an environmental time trend or a real biological phenomenon. This extended family has been studied over a long period of time, and the possible bias due to selection effects should diminish because all contemporary relatives are included in the analysis. There is no clear indication from national studies that the population incidence of bipolar disorder has increased over time. Hence, it is possi-Ž ble that the data on Family 22 and indeed the other . families indicate real evidence of anticipation. There was no increase in trinucleotide repeat expansions detected by the RED method. It is probable that bipolar disorder shows genetic heterogeneity and that anticipation is found in only a proportion of families. However, the sample size that was used to test the hypothesis of an increased proportion of trinucleotide repeats in affected individuals was very small, so we cannot rule out that real differences exist between the affected and unaffected individuals. Nevertheless, we can conclude that there is no evidence in this family that all affecteds have a larger number of trinucleotide repeats than unaffected individuals.
For linkage analysis, the application of the survival model allows one to test the hypotheses that some genetic loci influence the risk of developing a Ž disorder e.g. certain genotypes are more suscepti-. ble, at any age , independent of the AAO, while other loci influence the AAO. This can be achieved by expanding the models to include stratification Ž . according to, for example, genotype and timedependent covariates.
In conclusion, we have successfully applied survival analysis techniques to estimate genetic variation of AAO while simultaneously estimating other risk factors. There was some evidence of anticipation, but we cannot reject a possible bias due to the well-known 'Penrose effect'. We plan to extend the analysis to incorporate marker information and estimate QTLs for AAO.
